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Abstract. This paper documents a warming event across the middle–upper Albian interval in a ∼ 22 m long
section from the Gault Clay Formation of Copt Point, Folkestone (UK). Evidence for the event comes from three
independent datasets: calcareous nannofossils, ammonites, and the bulk sediment carbon and oxygen stable
isotope record, which collectively indicate a brief period (∼ 500 kyr) of significant surface water warming (in
excess of 6 ◦C) at around 107.5 Ma (the base of the Dipoloceras cristatum Ammonite Zone). A surface water
productivity increase based on high percentages of the eutrophic nannofossil Zeugrhabdotus noeliae is found to
be concomitant with this warming event, suggesting that surface waters were nutrient-rich and the warming was
associated with increased precipitation and run-off, delivering more nutrients into the basin.
1 Introduction
The Albian stage (12.5 Myr duration; Ogg and Hinnov, 2012)
is broadly characterized by global warming, rising sea lev-
els, and greenhouse climates. Our understanding of Albian
palaeoclimates largely comes from studying short-term per-
turbations in the global carbon cycle, known as oceanic
anoxic events 1b, 1c, and 1d (e.g., Leckie et al., 2002; Gale-
otti et al., 2003; Giraud et al., 2003; Herrle et al., 2003, 2004;
Jenkyns, 2010; Coccioni et al., 2014) using geochemical
data (carbon and oxygen isotopes) and often related to biotic
turnovers among marine planktonic and benthic organisms
from pelagic deep-sea drilling sites and/or the proto-North
Atlantic and western Tethys epicontinental basins (e.g., Er-
bacher et al., 1999; Herrle and Mutterlose, 2003; Watkins
et al., 2005; Wagner et al., 2007, 2008; Huber and Leckie,
2011; Friedrich et al., 2012). Studies have also extended to
the high Arctic (Herrle et al., 2015) and the eastern Tethys in
China (Li et al., 2016). Short-term disruptions to this warm
and equable climate mode have been suggested, including in-
terludes of global cooling (“cold snap”) around the Aptian–
Albian transition (Pirrie et al., 2004; Mutterlose et al., 2009;
McAnena et al., 2013) and brief warming events in the late
Albian (Erbacher et al., 2011; Friedrich et al., 2012). In a bo-
real epicontinental setting, Erbacher et al. (2011) inferred the
existence of significant short-term changes of temperature
(6–7 ◦C) in the late Albian of northwestern Germany, based
on δ18O and Mg /Ca analysis of glassy foraminifera. A
broader compilation of benthic foraminifera data (δ13C and
δ18O) shows an increasing palaeotemperature trend from the
middle to late Albian suggested to be related to the formation
of warm, saline bottom waters in the southern high latitudes,
proto-North Atlantic Ocean, and Pacific Ocean (Friedrich et
al., 2012). This work presents a multi-proxy examination of
the Gault Clay within the Anglo-Paris Basin. Here we pro-
vide and correlate new palaeoenvironmental data based on
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calcareous nannofossils, ammonites, and carbon and oxygen
stable isotopes from the middle to late Albian Gault Clay sec-
tion at Copt Point, Folkestone (southeastern England), which
indicate a brief warming event and accompanying productiv-
ity change in surface waters.
2 Geological setting
During the mid-Cretaceous, southern England was part of the
Anglo-Paris Basin and connected to the tropical–subtropical
Tethyan Ocean to the south with occasional links to the
North Sea through the Bedfordshire Straits (Fig. 1). The ma-
rine basin was established through important marine trans-
gressions in the early Aptian (Prodeshayesites obsoletus
Ammonite Subzone; ∼ 126 Ma) that resulted in temporary
links with the East Midlands Shelf via the Bedfordshire
Straits, and possibly shallow-water connections with the
proto-Atlantic Ocean along the line of the present-day En-
glish Channel (Tyson and Funnell, 1987). Tectonic activ-
ity in the middle early Albian led to the development of a
widespread unconformity, but this was followed by a pre-
dominantly transgressive phase that was maintained for the
remainder of the Albian (Casey, 1961). At this time, a large
northwestern European middle and late Albian epicontinen-
tal sea extended from southeastern England across to the
North Sea, Denmark, northern Germany, Poland, and into
Russia (Tyson and Funnell, 1987). Set within this epiconti-
nental sea, the Gault Clay was deposited at a shallow wa-
ter depth of 40–60 m (Knight, 1999; Young et al., 2010).
The formation is well known for preserving a high diversity
of fossils across all biotic groups: molluscs (ammonites, bi-
valves, gastropods; preserved as original aragonite and cal-
cite); bony fish remains, shark teeth, and vertebrae; crab
and lobster carapaces; and for its extensive microfauna and
microflora (foraminifera, nannofossils, palynomorphs, ostra-
cods, fish otoliths, etc.). Other commonly found fossils in-
clude belemnites, corals, and serpulid worms (Young et al.,
2010).
3 Material and methods
The sample material was collected from the Copt Point
coastal outcrop, 1 km east of the Folkestone harbour in Kent
(see location map and photo, Fig. 2), which is considered as
the Gault Clay reference section (Gale and Owen, 2010). In
this section, the Gault Clay rests on the Lower Greensand
Group, as observed in other exposures along the coast of
southeastern England (Owen, 1971, 1975). The total thick-
ness of the Copt Point outcrop is around 25 m, of which, we
sampled ∼ 22 m of the Gault Clay from Bed I to Bed XI for
this study (Fig. 3). The age of the Gault Clay is reported
as middle to late Albian (Owen, 1971, 1975; Erba et al.,
1992; Gale and Owen, 2010). The succession comprises dark
to medium grey, fossiliferous, and silty clays interspersed
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Figure 1. Palaeogeographic setting of the Gault Clay in the Weald
of the Anglo-Paris Basin, modified after Owen (1975).
with numerous phosphatic concretions, which are scattered
throughout the clay and concentrated on erosional surfaces
as thin lags of reworked debris. The clays are often glau-
conitic, particularly in the lower part of the section (Lower
Gault, Beds I–VII) and become lighter in colour with greater
carbonate content in the upper part of the section (Upper
Gault, Beds VIII–XIII; Fig. 3) (Gale and Owen, 2010). The
middle–upper Albian boundary is thought to coincide with a
minor hiatus (< 10–20 kyr) in the Anglo-Paris Basin, based
on missing ammonite zones and subzones. In Folkestone,
this hiatus is marked by phosphatic intraclasts, in which the
Dipoloceras cristatum Ammonite Subzone clays (Bed VIII)
rest disconformably on dark clays of the Anahoplites daviesi
Ammonite Subzone (Bed VII) (Owen, 1971; Gale and Owen,
2010).
A total of 41 samples were collected and analysed for nan-
nofossil study, with the lowest sample collected from Bed I
(1.6 m) and the highest (top) sample from Bed XI (21.4 m).
The sample spacing varied with an average spacing of 0.5 m
between any two samples (Fig. 3). The sampling strategy
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Figure 2. Location and photo of the Copt Point section, Folkestone,
SE England.
aimed for additional resolution around the middle–upper Al-
bian boundary (Beds VII–VIII) and to have the best possi-
ble correspondence with the isotope samples (44 samples),
which were collected during a separate field study. Simple
smear slides were prepared using the technique described in
Bown and Young (1998). The volume of sediment used was
standardized to ensure roughly equal sample density while
preparing the smear slides. Nannofossils were viewed us-
ing a BH-2 Olympus transmitted light microscope in cross-
polarized and phase-contrast light. On each slide > 300 nan-
nofossil specimens were counted (300–400) in randomly
chosen fields of view. All slides were logged for 2–3 h scan-
ning five to six traverses in order to identify rare and/or bios-
tratigraphically important taxa. An average state of preserva-
tion, often ranging between two categories, was assigned to
each sample by the author, according to the following crite-
ria. VG (very good) means no etching or overgrowth; most
specimens are pristinely preserved and very easily identified.
G (good) means specimens are slightly etched or overgrown,
but identification is not impaired. M (moderate) means spec-
imens exhibit moderate effects of secondary alteration from
etching and/or overgrowth, but identification of species is
still not impaired.
Biostratigraphy was achieved based on first and last occur-
rences (FO & LO) of nannofossil marker species logged in
the section, using the zonation scheme of Bown et al. (1998).
The slides are archived in the Department of Earth Sciences
at University College London (UCL). The stratigraphic range
chart based on semi-quantitative abundance estimates of nan-
nofossil species (Table S1 in the Supplement) and their rel-
ative abundance (%) data (Table S2) are provided. Relative
abundance of a species was calculated using the formula (no.
of specimens of a species/total no. of nannofossils counted
in a sample)× 100.
Ammonites were collected from Beds I to X by system-
atically breaking the clay to identify the percentage of bran-
coceratid species belonging to four genera, i.e., Mojsisovic-
sia, Dipoloceras, Hysteroceras, and Mortoniceras (Fig. 3,
Table S3).
The bulk sediment isotopes (δ18Obulk ‰; δ13Cbulk ‰), car-
bonate (CaCO3, wt %), and TOC (total organic carbon, wt %)
was measured for 44 bulk sediment samples (Beds I–XI, 0.1–
21.4 m) on a PRISM mass spectrometer using the conven-
tional stable isotope technique in the Department of Earth
Sciences at the University of Oxford (Table S4).
4 Results
4.1 Preservation, abundance, and diversity
(nannofossils)
All 41 samples yielded abundant calcareous nannofossils
(Table S1). Preservation of the nannofossils varied between
VG and G, but was predominantly G in the majority of sam-
ples. A total of ∼ 115 taxa were identified (see Taxonomic
List in Supplement) with an average species richness of 65
species per sample (see Plates 1–6).
4.2 Nannofossil biostratigraphy
The Gault Clay samples are middle to late Albian in age
and can be assigned to Nannofossil Zone BC24 through Sub-
zone BC25b of Bown et al. (1998), based upon the following
events in stratigraphic order (Fig. 3, Table S1): (i) presence
of Tranolithus orionatus in the lowest sample (1.6 m); (ii) the
FO of Axopodorhabdus albianus in the sample at 3.6 m;
(iii) the LO of Ceratolithina bicornuta in the sample at 9.0 m;
and (iv) the absence of Eiffellithus monechiae and E. turri-
seiffelii in the samples. The 21.4 m sampled section encom-
passes less than 3.14 Myr, using the absolute age of the base
of T. orionatus (110.73 Ma) and the base of E. monechiae
(107.59 Ma) (Ogg and Hinnov, 2012). The sedimentation rate
is therefore approximately 0.68 cm kyr−1 (or 6.8 m Myr−1)
with an average temporal resolution of ∼ 78.5 kyr per sam-
ple. A minor hiatus at the middle–upper Albian boundary
based on missing ammonite zones and subzones (the upper
part of Euhoplites lautus Zone and Anahoplites daviesi Sub-
zone; Gale and Owen, 2010) likely represents less than 10–
20 kyr but is not apparent in the nannofossil biostratigraphy,
which includes subzone BC25a–BC25b at this level (Bown
et al., 1998).
4.3 Distribution of major nannofossil taxa
Eight nannofossil taxa have abundances that exceed 1–2 %
in any sample (Biscutum constans, Zeugrhabdotus noeliae,
Watznaueria barnesiae group, Lithraphidites carniolensis,
Tranolithus orionatus, Prediscosphaera spp., Repagulum
parvidentatum, Retecapsa spp.), with four taxa, Z. noeliae,
www.j-micropalaeontol.net//37/231/2018/ J. Micropalaeontology, 37, 231–247, 2018
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Figure 3. Sample details along with the ammonite zonation (Owen, 1971; Young et al., 2010), nannofossil biostratigraphy (Bown et al.,
1998; Jeremiah, 1996), isotope geochemistry trends (bulk sediment carbon and oxygen isotope), carbonate (CaCO3), and TOC of the Gault
Clay, Copt Point section. The early late Albian warming event is highlighted based on multi-proxy evidence from three independent datasets:
nannofossils (R. parvidentatum), Tethyan ammonites, and the δ18Obulk record.
W. barnesiae group, B. constans, and R. parvidentatum, mak-
ing up around 60 % of the total assemblage (Fig. 4, Table S2).
Z. noeliae (small Zeugrhabdotus spp.) is the most abundant
species with a range of 9–41 % (mean 23 %), with peaks in
Bed I (23 %), Beds IV–VI (28 %), lower Bed IX (35–41 %),
Bed X (> 25 %), and lower Bed XI (> 25 %). The W. barne-
siae group (includingW. barnesiae and W. fossacincta) is the
second most abundant taxon and fluctuates between 11 and
44 % (mean 22 %) through the section. It shows abundance
exceeding 40 % in Bed IX in only one sample (at 10.3 m).
The W. barnesiae group shows weak negative correlations
with both B. constans (correlation coefficient, r =−0.39)
and Z. noeliae (r =−0.58), indicating that its distribution
is not wholly a result of closed-sum effects with the other
two major taxa. The third major species, B. constans, shows
relative abundances between 8 and 33 % (mean 19 %) with
significant peaks in Bed I (∼ 25 %), Bed VI (22 %), upper
Bed X, and through most of Bed XI (> 20 %). The cool-
water species R. parvidentatum varies in abundance from 1
to 12 % (mean 4.9 %), with two sharp peaks at the top of
Bed III (12 %) and in Bed VIII (11 %). A rapid decline in the
abundance of R. parvidentatum is observed from Bed VIII
into Bed IX, from 11 to 1 %. L. carniolensis (1–10 %; mean
4.6 %), Prediscosphaera spp. (1–10 %; mean 5.2 %), Rete-
capsa spp. (1–3%; mean 2%), and T. orionatus (1–7 %; mean
3.8 %) are consistently present above 1–2 % but do not show
any clear abundance trends. D. ignotus (0–5 %, mean 1 %), S.
laffittei (0–10 %, mean 2.5 %), R. asper (0–2 %, mean 0.7 %),
Z. diplogrammus (0–3 %, mean 0.5 %), and Z. howei (0–7 %,
mean 1.4 %) show low and variable abundances with no clear
trends through the section.
4.4 Productivity index
To assess changes in surface water productivity, the
nannofossil-based productivity index of Gale et al. (2000)
was applied (Fig. 4, Table S2), using the ratio of the three
taxa considered to represent eutrophs (Zeugrhabdotus and
Biscutum) and generalists (Watznaueria):
P (productivity index)=
⌊
% Zeug.spp.+% Biscutum spp.
% Watz.spp.
⌋
.
The productivity index (P ) exhibits a peak (4.9) in the upper
part of Bed IX and shows higher values in Beds X and XI,
J. Micropalaeontology, 37, 231–247, 2018 www.j-micropalaeontol.net//37/231/2018/
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Figure 4. Nannofossil % abundance trends of 13 taxa along with the calculated productivity index (Gale et al., 2000).
compared to the basal section (Beds I–VII). Overall, P varies
between 0.5 and 4.9 (mean 2.1) through the section.
4.5 Ammonite distribution
The % distribution of brancoceratid ammonites shows a clear
correlation with the δ18Obulk values with increased occur-
rences of four genera (Mojsisovicsia, Dipoloceras, Hyste-
roceras, and Mortoniceras) in Beds VIII to X (Fig. 3, Ta-
ble S3). These taxa are virtually absent in the lower part of
the section.
4.6 Geochemistry (δ18Obulk, δ13Cbulk, CaCO3, TOC)
Bulk oxygen isotope (δ18Obulk) values show high variabil-
ity in the Gault Clay section (−1.3 to 4.0 ‰; mean −2.5 ‰,
standard deviation 0.57) (Fig. 3; Table S4). In Beds I–III,
lower values are observed (mean −2.2 ‰) that gradually
become higher, reaching −1.3 ‰ at the top of Bed VII.
In Bed IX (at 10.6 m), a minimum value (negative peak)
of −4.0 ‰ is reached. Thereafter, values fluctuate between
−2.0 and−3.4 ‰ to the top of the section (Beds IX–XI). De-
spite the considerable variability, we consider the signal to be
relatively free from diagenetic overprint due to the uniformly
good fossil preservation and high diversity of nannofossils in
the samples.
The bulk carbon isotope (δ13Cbulk) record is generally sta-
ble through the section, with fluctuations between 0.7 and
3.3 ‰ (mean 2.4 ‰). The Lower Gault (mean 2.4 ‰) and
Upper Gault (mean 2.3 ‰) show closely similar values.
CaCO3 content varies between 8.1 and 40.9 wt % (mean
24.3 wt %) and is significantly higher in the Upper Gault
(Beds VIII–XI, mean 29.9 wt %) than the Lower Gault
(Beds I–VII; mean 16.3 %). TOC content is generally low
throughout the section (< 1.0 wt %) with a mean of 0.4 wt %.
Only one sample in Bed IX shows a maximum TOC of
1.5 wt %.
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5 Discussion
5.1 Macrofossil evidence for warming
Southern-derived incursions of warm water ammonites were
first noted in the middle and upper Albian of the Anglo-Paris
Basin by Owen (1971, 1973). Brancoceratid ammonites are
dominantly Tethyan in distribution and only appear sporad-
ically in boreal latitudes during the lower and middle Al-
bian, becoming common in the upper Albian (Owen, 1971;
Kennedy and Cobban, 1976). Our results show that the per-
centages of four Gault Clay brancoceratid ammonite genera,
Mojsisovicsia, Dipoloceras, Hysteroceras, and Mortoniceras
increase dramatically in Bed VIII (from 9 to 50 %) coincid-
ing with the negative excursion in δ18Obulk values (Fig. 3).
The flood of Dipoloceras spp. at the boundary of Beds VIII–
IX is precisely coincident with a negative δ18Obulk excursion
(up to −4.0 ‰). The abundance of Hysteroceras and Mor-
toniceras in Bed IX and Bed X (mean abundance: 45 %) co-
incides with relatively low δ18Obulk values (mean −2.8 ‰).
The influx of Tethyan ammonites coincident with the
δ18Obulk excursion in Bed VIII and Bed IX (9.7–12.9 m) is a
good indication of the onset of an early late Albian warming
event. It is also possible that the migration of Tethyan faunas
into boreal provinces was facilitated by the late Albian sea
level highstand (Hardenbol et al., 1998; Miller et al., 2011).
Migration of Tethyan ammonites into the Anglo-Paris Basin
may have occurred via intermittent flooding of low-lying Eu-
ropean landmasses due to transgressions in the late Albian,
but a route via the Atlantic Ocean was likely more perma-
nent (Hancock, 1989).
A similar influx of Tethyan ammonites is also observed
in the Lower Saxony Basin (northwestern Germany), where
a rapid invasion of mainly mortoniceratids into the Hopli-
tinid Faunal Province coincides with the middle–upper Al-
bian boundary. This change in fauna is reported to be indi-
cated by a condensed interval (lower upper Albian) enriched
in debris of inoceramids, phosphorite concretions, and am-
monites in the Hannover-Lahe core from the Lower Saxony
Basin (Lehmann et al., 2007).
5.2 The isotopic palaeotemperature signal
The δ18Obulk values from the calcareous clay samples were
most likely derived predominantly from nannofossils be-
cause scanning electron microscopy studies indicate that they
constitute the major calcareous component in the Gault Clay
(Young, 2010). The negative excursion of 2.7 ‰ (from −1.3
to −4 ‰) recorded in Bed VIII and the lower part of Bed IX
is not associated with any faunal indication of reduced salin-
ity and, additionally, the δ13Cbulk values remain constant (2.5
to 3 ‰) through this interval (Fig. 3). Given the epicontinen-
tal basin setting, if there was a low salinity event as a result of
freshwater run-off then a parallel reduction in δ13Cbulk val-
ues would be expected, which is not observed. However, the
2.7 ‰ negative shift in δ18Obulk values, if caused by tempera-
ture alone, would indicate a warming of approximately 12 ◦C
(Shackleton and Kennett, 1975), which is highly improba-
ble. We suspect that a component of the low δ18Obulk values
registered at the level of Beds VIII–IX can be attributed to
salinity, change in seasonality or water column depth, or vi-
tal effects.
A precisely coeval (basal Dipoloceras cristatum Am-
monite Zone) and correlative warming event was identi-
fied in the expanded succession of the GB1 core from the
Lower Saxony Basin, northwestern Germany (Erbacher et
al., 2011). Here, δ18O values were obtained from excep-
tionally well-preserved (glassy) planktonic foraminifera and
indicate a negative excursion of 2.1 ‰ within the basal D.
cristatum Ammonite Zone. Mg /Ca ratios indicate that a sig-
nificant part of this shift represents temperature change, in-
terpreted as 6–7 ◦C. We use these calibrations of Erbacher
et al. (2011) to constrain interpretation of our own data.
If we attribute an equivalent part of the δ18Obulk signal to
changes in temperature, then in the middle Albian (0.1–
3.6 m, Bed I), surface water temperatures were moderate and
ranged from approximately 23 to 27 ◦C. A significant fall to
values of approximately 21 ◦C is indicated through the mid-
dle Albian (3.6–9.7 m, Beds II–VII) and a major but brief
warming event (∼ 500 kyr) is evident in the early late Al-
bian (above the middle–upper Albian boundary) in Bed VIII
and Bed IX between 9.7 and 12.9 m, during which tempera-
tures reached 30 ◦C (Fig. 3). Above this, in Beds X–XI, tem-
peratures remained relatively constant at 25–28 ◦C. Bomou
et al. (2016) recorded oxygen-isotope-derived palaeotemper-
atures from planktonic and benthonic foraminifera, shark
teeth, and belemnites from the Gault Clay section at Wis-
sant (Boulonnais area, France), approximately 40 km SE of
Folkestone. They considered the anomalously low oxygen
isotope values obtained from foraminifera at some levels to
be caused by diagenesis, supported by cathode luminescence
study. However, their sea surface temperatures (Bomou et al.,
2016, Fig. 7, p. 707) of 21–29 ◦C correspond well with our
values obtained from bulk sediment (23–30 ◦C).
5.3 Nannofossil surface water palaeoenvironmental
indicators
Nannofossil species are typically broadly distributed across a
range of marine photic zone environments but in some cases
more specific palaeoecologies can be determined. These eco-
logical preferences are typically determined using analysis
of palaeobiogeographic distribution and by comparison with
other palaeontological and geochemical environmental prox-
ies. Repagulum parvidentatum is considered a robust indi-
cator of cold water and this palaeoecology is one of the
most strongly supported of any Mesozoic taxon, based upon
striking palaeobiogeographic data from global datasets (e.g.,
Wise, 1983, 1988; Bown et al., 1998; Street and Bown, 2000;
Kanungo, 2005; McAnena et al., 2013). It is typically only
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Figure 5. Bipolar distribution of R. parvidentatum during the mid-Cretaceous. Locations shown: 1 – Argo Abyssal Plain, Indian Ocean; 2 –
Naturaliste Plateau, Indian Ocean; 3 – Cauvery Basin, SE India; 4 – Falkland Plateau, Southern Ocean; 5 – Neuquén Basin, Argentina; 6 –
Shatsky Rise, Pacific Ocean; 7 – Blake Nose, western Atlantic; 8 – Gault Clay, England; 9 – Vocontian Basin, France; 10 – Umbria-Marche
Basin, Italy. Data collated from Bown and Concheyro (2004), Erba (1987), Kanungo (2005), Lees (2002), and Wise (1988). Palaeogeographic
reconstruction of the mid-Cretaceous is taken from Erbacher et al. (2001). Light microscope (LM) image of R. parvidentatum from the Gault
Clay, Copt Point section (inset).
present at high-latitude boreal and austral sites and largely
absent in the tropics and subtropics (Fig. 5). In our data, a
rapid decline in the abundance of R. parvidentatum, from 11
to 1 % is evident from 9.7 to 13.3 m (Figs. 3, 4) and precisely
coincides with the negative δ18Obulk excursion, thus support-
ing the warming indicated by this proxy and the Tethyan am-
monite influx. Similar trends in R. parvidentatum abundance
from other Gault Clay sections in southern England support
the regional decline in this taxon (Crux, 1991; Erba et al.,
1992).
In addition to the palaeotemperature indications from the
nannofossil assemblages, we are also able to make infer-
ences on surface water productivity. The three most abun-
dant nannofossil taxa in the Gault Clay are considered to
be surface water fertility indicators, with Z. noeliae abun-
dant under eutrophic conditions, B. constans abundant un-
der mesotrophic conditions, and Watznaueria (W. barnesiae
group) a dominant, generalist taxon with oligotrophic, low-
fertility affinities (e.g., Roth and Bowdler, 1981; Roth and
Krumbach, 1986; Thomsen, 1989; Erba, 1992; Fisher and
Hay, 1999; Mutterlose and Kessels, 2000; Street and Bown,
2000; Giraud et al., 2003; Herrle et al., 2003; Linnert et al.,
2010, 2011). The productivity index of Gale et al. (2000)
was based on the assumption that Zeugrhabdotus and Biscu-
tum were more responsive to eutrophic conditions than Watz-
naueria and thus an index based on the relative abundance of
these taxa would record productivity change. The limitations
of this index are the following: (1) the abundance of Watz-
naueria, a robust taxon, increases with deteriorating preser-
vation and (2) the closed-sum effects of interpreting percent-
age data. The index works best in well-preserved samples
when the reciprocal relationship between these two sets of
taxa can be shown as genuine rather than a closed-sum arte-
fact. Nannofossil preservation is uniformly good in the Gault
Clay and thus the productivity index values should be rela-
tively independent of preservation influence.
The productivity index (P ) indicates a progressive rise
in surface water fertility levels from Bed VIII (∼ 9.7 m and
above), with higher values in Bed IX through Bed XI (mean
P , Beds VIII–XI= 2.5). Beds I–VII of the Lower Gault ex-
hibit lower values of the index (mean P = 1.6). A large peak
in productivity is indicated in Bed IX (P = 4.1–4.9, 11.5–
11.8 m), coinciding with the negative δ18Obulk excursion and
the inferred early late Albian warming event (Fig. 4), reflect-
ing high percentages of Z. noeliae (35–40 %). B. constans
shows relatively lower abundance (mean B. constans= 14 %)
during the warming event (9.7–12.9 m, Beds VIII–IX), but
increases thereafter and shows consistently higher percent-
ages (mean B. constans= 23 %) in Beds X–XI. This suggests
that the Gault Clay warming event in the late Albian was
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Plate 1. Light microscope (LM) images of nannofossil taxa and their state of preservation (good to very good) in the studied samples. The
LM images are reproduced at constant magnification with a 10 µm scale bar at the bottom of each plate. The taxa are grouped according to
families instead of alphabetical order.
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Plate 2. See caption of Plate 1.
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Plate 3. See caption of Plate 1.
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Plate 4. See caption of Plate 1.
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Plate 5. See caption of Plate 1.
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Plate 6. See caption of Plate 1.
characterized initially by eutrophic conditions and peaks of
Z. noeliae, followed by mesotrophic conditions with peaks
of B. constans, although the ecological strategies of the two
taxa have been suggested to be reversed in some cases (e.g.,
Fisher and Hay, 1999). Despite this, it is clear that a nanno-
fossil productivity rise was coincident with the late Albian
warming. It is also possible that surface water productivity
levels began to rise just prior to the nannofossil response as
δ13Cbulk (2.4–3.0 ‰) and TOC values (0.3–1.0 wt %) start to
rise in the upper part of the middle Albian (Bed VII,∼ 7.4 m;
Fig. 3). The initial increase may reflect productivity in di-
noflagellates and/or other planktonic organisms, followed by
the warming and increase in nannofossil productivity in the
early late Albian.
5.4 Late Albian warming in the Gault Basin
The congruent patterns shown by the δ18Obulk data, Tethyan
ammonite distributions, and abundance of R. parvidentatum
provide good multi-proxy evidence to support the inference
that temperature was a major control in the calcareous sed-
imentary record of the Gault Clay. A warming in excess of
6 ◦C (6–7 ◦C) appears to have promoted the occurrence of
southern-derived, warm-water ammonites and caused a de-
cline in the cool-water nannofossil R. parvidentatum.
A productivity peak shown in nannofossil abundance
trends was coincident with the warming event and we spec-
ulate that this was linked to hydrological feedback mecha-
nisms (Fenner, 2001; Erbacher et al., 2011; Friedrich et al.,
2012). Numerical modelling studies based on isotope mass
balance experiments provide strong evidence for an inten-
sified Albian hydrologic cycle with increased humidity and
precipitation fluxes, accompanied by higher wind strength,
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particularly in mid-latitudes to high latitudes (34–75◦ N
palaeolatitude) of the Cretaceous Western Interior Basin (Uf-
nar et al., 2002). The calculated precipitation rates suggest
that mid-latitude to high-latitude precipitation rates greatly
exceeded modern rates (∼ 200 % greater in mid-latitudes and
∼ 100 % greater at high latitudes; Ufnar et al., 2002). Addi-
tionally, intense humid conditions are believed to have trig-
gered biogeochemical weathering rates and increased run-
off, delivering more nutrients into basins (Föllmi, 2012). In-
creased run-off in the Gault Basin may have equally led to
freshwater influxes of reduced salinity, influencing the δ18O
signature to more negative values (Fisher and Arthur, 2002;
Erbacher et al., 2011). However, because we do not see a par-
allel reduction in the δ13Cbulk values along with the δ18Obulk
values, it leads us to believe that the isotope trends observed
in the Gault are controlled largely by temperature and that
an intensified hydrologic cycle along with humid and stormy
conditions invigorating nutrient fluxes are likely to be associ-
ated with the warming. The mechanism of latent atmospheric
heat transport with the ingression of warm Tethyan surface
waters from the superheated mid-Cretaceous tropics to bo-
real latitudes (Wilson et al., 2002; Erbacher et al., 2011) ap-
pears to be in agreement with our observations. The close
agreement in timing and scale of warming between the Gault
dataset and other boreal sections (e.g., Saxony Basin) suggest
this was at least a regional increase in sea surface tempera-
ture and likely a response to mid-Cretaceous greenhouse gas
forcing (Erbacher et al., 2011; Friedrich et al., 2012).
6 Conclusions
Quantitative nannofossil data, ammonite distributions, and
bulk sediment carbon and oxygen stable isotope data sug-
gest relatively dynamic surface water conditions during the
middle–late Albian in the ∼ 22 m Gault Clay succession
studied here. In the middle Albian (0.1–3.6 m), surface water
temperatures appear to have been moderate (23–27 ◦C) based
on δ18Obulk values, with moderately elevated (mesotrophic)
nannofossil productivity characterized by peaks of B. con-
stans (mean 25 %, 1.6–3.6 m). This was followed by a
cooling trend (middle Albian; 3.6–9.7 m) with temperatures
around 21 ◦C. The cooling was followed by a warming event
lasting∼ 500 kyr (9.7–12.9 m; 30 ◦C) in the early late Albian
(above the middle–upper Albian boundary), evidenced by a
δ18Obulk negative excursion, alongside a rapid abundance de-
cline of the cool-water nannofossil species R. parvidentatum
(from 11 to 1 %) and influxes of southern-sourced Tethyan
ammonites in Bed VIII of the Gault Clay. The warming ap-
pears to have been accompanied by relatively higher nan-
nofossil productivity, shown by high percentages (∼ 40 %)
of Z. noeliae, with the productivity index reaching maxi-
mum values of up to 4.9 at the peak of warming (11.8 m,
Bed IX, early late Albian). Temperatures in the late Albian
(25–28 ◦C) remained higher than the middle Albian, accom-
panied by mesotrophic conditions as shown by higher per-
centages of B. constans (20–25 %).
The most compelling argument for the early late Al-
bian warming event is the convergence of three indepen-
dent datasets: nannofossils, ammonites, and bulk sediment
carbon and oxygen stable isotopes. We interpret that the
δ18Obulk values were derived predominantly from nannofos-
sils as they constitute the major calcareous component in the
Gault Clay observed under scanning electron microscopy.
We do not see evidence of reduced salinity significantly in-
fluencing the negative δ18Obulk excursion, either through the
δ13Cbulk record, which shows stable values, or in the ma-
rine assemblages (ammonites and nannofossils). However,
the 2.7 ‰ negative shift in the δ18Obulk values, if caused
by temperature alone, would indicate a warming of approxi-
mately 12 ◦C (Shackleton and Kennett, 1975), which seems
unlikely. Therefore, we suspect that a component of the low
δ18Obulk values observed in Beds VIII–IX is attributable to
some other factor, such as a change in seasonality or water
column depth at the peak of nannofossil production or vi-
tal effects. The magnitude of warming estimated herein (6–
7 ◦C) is comparable with other studies (Erbacher et al., 2011;
Friedrich et al., 2012). During this time, relatively warmer
and humid climates may have enhanced run-off from the hin-
terland thereby increasing nutrient input to the shallow epi-
continental Gault basin. This could explain the shift in abun-
dance of nannofossil species that are characteristic of ele-
vated fertility (B. constans and Z. noeliae) through the stud-
ied section. The late Albian highstand and sea level rises
(Hardenbol et al., 1998; Miller et al., 2011) may also have
led to improved marine connections and the opening of gate-
ways that further facilitated the southern-sourced ammonite
migration and established the nanoplankton populations that
we have observed in the Gault Clay.
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